As spacecraft designers use increasing numbers of commercial and emerging technology devices to meet stringent performance, economic and schedule requirements, ground-based testing of such devices for susceptibility to single event effects (SEE) has continued to assume ever greater importance.
The studies discussed here were undertaken to establish the sensitivities of candidate spacecraft electronics to heavy ion and proton-induced single event upset (SEU), single event latchup (SEL), and single event transient (SET). For the values listed were obtained by changing the angle of incidence of the ion beam on the DUT, thus changing the path length of the ion through the DUT and the "effective LET" of the ion [5] . Energies and LETs available may have varied slightly from one test date to another.
Proton SEE tests were performed at two facilities: the University of California at Davis (UCD) Crocker Nuclear Laboratory (CNL) [6] , and the Indiana University Cyclotron Facility (IUCF) [7] . Proton test details are listed in Table II. Laser SEE tests were performed at the pulsed laser facility at the Naval Research Laboratory (NRL) [8] [9] . The laser light had a wavelength of 590 nm resulting in a skin depth (depth at which the light intensity decreased to 1/e -or about 37% -of its intensity at the surface) of 2 gm. A nominal pulse rate of 100 Hz was utilized. Depending on the DUT and the test objectives, one or more of three SEE test methods were typically used:
Dynamic -the DUT was exercised continually while being exposed to the beam. The events and/or bit errors were counted, generally by comparing DUT output to an unirradiated reference device or other expected output (Golden chip or virtual Golden chip methods). In some cases, the effects of clock speed or device operating modes were investigated. Results of such tests should be applied with caution due to the application-specific nature of the results.
Static -the DUT was loaded prior to irradiation; data were retrieved and errors were counted after irradiation.
Biased -the DUT was biased and clocked while Icc (power consumption) was monitored for SEL or other destructive effects. In most SEL tests, functionality was also monitored.
In SEE experiments, DUTs were monitored for soft errors, such as SEUs and for hard errors, such as SEL. Detailed descriptions of the types of errors observed are noted in the individual test results. [10] SET testing was performed using a high-speed oscilloscope. Individual criteria for SETs are specific to the device being tested. Please see the individual test reports for details. [10] Heavy ion SEE sensitivity experiments include measurement of the maximum measured cross sections and the LET threshold (LETth). The LETth is defined as the maximum LET value at which no effect was observed at an effect fluence of Ix107 particles/cm2. In the case where events are observed at lower fluences for the smallest LET tested, LETth will either be reported as less than the lowest measured LET or determined approximately as the LETth parameter from a Weibull fit.
2) SEE Testing -Proton
Proton SEE tests were performed in a manner similar to heavy ion exposures. However, because protons cause SEE via indirect ionization of recoil particles, results are parameterized in terms of proton energy rather than LET. Because such proton-induced nuclear interactions are rare, proton tests also feature higher cumulative fluence and particle flux rates than do heavy-ion experiments.
3) Pulsed Laser Facility Testing
The DUT was mounted on an X-Y-Z stage in front of a lOOx lens that produced a spot size of about 1.2 pm full-width half-maximum (FWHM). The X-Y-Z stage could be moved in steps of 0.1 pm for accurate positioning of SEU sensitive regions in front of the focused beam. An illuminator together with a charge coupled device (CCD) camera and monitor were used to image the area of interest, thereby facilitating accurate positioning of the device in the beam. The pulse energy was varied in a continuous manner using a polarizer/half-waveplate combination and the energy was monitored by splitting off a portion of the beam and directing it at a calibrated energy meter.
III. TEST RESULTS OVERVIEW
Abbreviations and conventions are listed in Table IV . Abbreviations for principal investigators (PIs) are listed in Table V, SEE test result categories are summarized in  Table VI, SEE results are summarized in Table VII , and SEL results are featured in Table VIII . Unless otherwise noted, all LETs are in MeV*cm2/mg and all cross sections are in cm2/device. This paper is a summary of results. Complete test reports are available online at http://radhome.gsfc.nasa.gov [10] . This section contains a summary of testing performed on a selection of featured parts.
1) Analog Devices OPJJ Operational Amplifier
The OP 1I consists of four matched operational amplifiers in a DIP package. The object of the test was to determine the maximum amplitude and width of the SETs and to measure the cross-section as a function of LET to be able to calculate the SET rate for a specific NASA mission.
The part was mounted on a board in the exact configuration that will be used in space. A digital-to-analog (DAC) converter (AD565) was connected to the input of the OPI 1. A jumper on the board could be set so that the output of the DAC was at either +1OV or -1OV. Therefore, the input to the OP 1I was +/-1OV. The supply voltage was set at +/-15V.
A pulsed laser was first used to roughly gauge the sizes of the transients. SETs as long as 400 gs were observed when maximum laser pulse energy was used. Subsequent heavy ion testing was carried out at TAMU. Figure 1 shows that the largest transients had negative amplitudes of-25V and widths of less than 5 gs.
During heavy-ion testing the OP 1I suffered destructive failure (SEB) when exposed to heavy ions with an LET of 75 MeV*cm2/mg. No SEBs were observed at LET of 18.8.
The failure is tentatively attributed to burnout that occurred in the internal capacitor of the device. [11] . Figure 3 shows the SET cross section curves for different load conditions, low and high output current and low and high output capacitor, without filter. We can see in Figure 3 that the output capacitor has little effect on SET cross section. However, output current does have an effect. The sensitivity is higher for high current loads.
Worst-case transients are shown in Figure 4 . They were observed for the largest LET, the largest output current, and the lowest output capacitor. Larger output capacitor values reduce significantly the amplitude and duration of undervoltages. But there remain 200 mV amplitude over-voltage transients that last for up to 2 hs, and short duration, 200 ns, bipolar transients of 300 mV maximum amplitude.
The filter was effective in removing all long duration transients, but the short duration bipolar transients were not suppressed.
The MSK5900 was tested under similar conditions. Figure  5 shows the SET cross-section. We can see that the MSK5900 is significantly less sensitive than the RHFL4913. Maximum cross section is about one order of magnitude lower and LET threshold is higher than 15 MeV*cm2/mg, compared with 2 MeV*cm2/mg for RHIFL4913. We can also see that the MSK5900 is most sensitive for the lowest current load of 100 mA.
Only one kind of transient was observed with MSK5900, 200 mV over-voltage transients with a worst-case duration of 4 gs. With the filter, the amplitude of transient is reduced to about 50 mV. Figure 6 shows typical transients with and without filter. [12] , [13] -56OmA
The RTAX-S devices were irradiated with Argon, Copper, 
V. SUMMARY
We have presented recent data from SEE on a variety of mainly commercial devices. It is the authors' recommendation that this data be used with caution. We also highly recommend that lot testing be performed on any suspect or commercial device.
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